Abstract. The co-variation of key variables with modelled phytoplankton concentrations in the Baltic proper has been ex- inter-annual temperature increase on cyanobacteria and flagellates. Changes in mixed layer depth affect mainly diatoms due to 11 a high sinking velocity while inter-annual coherence between irradiance and phytoplankton is not observed.
Introduction

13
The Baltic Sea is a semi-enclosed brackish water body separated from the North Sea and Kattegat through the Danish Straits. The effect of anoxia on the nutrient limitation and on the primary production is complex. In addition to decreased phosphorus 48 retention capacity and denitrification, nitrification ceases in anoxic environments ultimately resulting in increased ammonium 49 concentrations (Conley et al., 2009) . To elucidate the effect on the primary production, we calculate the degree of nutrient 50 limitation and its correlation with phytoplankton.
51
We have chosen to use a model run spanning . Thereby, we capture conditions relatively unaffected by anthro-52 pogenic forcing as well as current conditions of eutrophication and climate change. Furthermore, we limit our investigation to 53 the Baltic Proper so as to capture relatively homogenous conditions with regards to the functioning of the biology. Our main 54 focus lies in inter-annual variations although some seasonal shifts will be investigated.
55
where NLIM PHY and PLIM PHY are the nitrogen and phosphate limitation respectively. In addition, NLIM PHY contains the sum of the nitrate and ammonium limitation, i.e.
118
NLIM PHY = NO 3 LIM PHY + NH 4 LIM PHY , 
121
122 where NO3 and NH4 are the concentrations of nitrate and ammonium and KNO3 PHY and KNH4 PHY are the halfsaturation 123 constants for nitrate and ammonium respectively. The exponent in (6) represents preferential ammonium uptake (eg. Dortch
124
(1990); Parker (1993)).
125
PLIM PHY is modelled as,
126
PO 4 LIM = PO4 KPO4 PHY + PO4 .
127
Nutrient limitation is thus described by a number between 0 and 1 where 1 is no limitation. The constants KNO3 PHY ,
128
KNH4 PHY and KPO4 PHY are the half saturation constants and differs between the different phytoplankton groups. The con- 
135
Note that the half-saturation constants for flagellates and cyanobacteria are equal which means that in absence of nitrogen 136 fixation, the nutrient limitation for the nitrogen fixing species is equal to that of flagellates.
137
In addition to the above given nutrient limitation of phytoplankton growth there exists a similar nutrient dependency on 
148 
156
A1/2/3 is the concentration of the respective phytoplankton type.
157
The mixed layer depth has been defined as the depth where a density difference of 0.125 kg m 
Forcing
161
The study use reconstructed (1850-2008) atmospheric, hydrological and nutrient load forcing and daily sea levels at the lateral The nutrient loads from rivers and point sources were track interannual changes in phytoplankton biomass and applied it to a 16-year time series of phytoplankton in Lake Mendota,
192
USA. In doing this they were able to identify periods when the annual periodicity was less pronounced. They discuss the benefit 193 of this technique in scrutinizing changes to the seasonal succession due to changes in external drivers.
194
The problem with the wavelet transform is that it requires a dataset without gaps. The time-series also needs to be sufficiently 
198
Here we use wavelet coherence to scrutinize the coherence between the three different phytoplankton groups (diatoms, 199 flagellates, and cyanobacteria) and nutrients, temperature, irradiance and mixed layer depth. 
Observations
Oxygen and nutrient concentrations from the SCOBI model have been extensively evaluated against observations (Eilola et al., 202 2009 (Eilola et al., 202 , 2011 (Eilola et al., 202 , 2014 as well as other models (Eilola et al., 2011) . Phytoplankton observations are more difficult to come by and 203 our basin integrated approach makes it difficult to compare with observations from individual stations.
204
We have used a basin integrated dataset of monthly Chl-a for the Baltic Proper previously published in HELCOM (2012).
205
The dataset includes all data from the Data Assimilation System (DAS) which is a database of Baltic Sea monitoring data to minimize spinup effects.
213
We start out in Sect. 3.1 by scrutinizing the modelled concentration of phytoplankton and its seasonal cycle by compar-214 ison with observations. In Sect. 3.2, the coherence between nutrient loads and mixed layer nutrient concentrations as well
215
as phytoplankton concentrations will be examined. Section 3.3 will consider the composition of nutrients and its effect on the 216 phytoplankton concentrations. The effect of temperature and irradiance is scrutinized in Sect. 3.4 and in Sect. 3.5 the coherence 217 of the mixed layer depth with phytoplankton is examined. for a enhanced coherence during the later part of the run most likely caused by increased DIN loads.
240
The phase arrows on the annual scale points to the right during most of the run indicating that the seasonal peak in nutrient 241 loads and mixed layer concentrations are concurrent. However, during the period 1900-1920 the direction of the phase arrows 242 shifts upwards. This is a result of a persistent shift in the runoff maxima of about two months over the period. During this 243 period the peak in mixed layer nutrient concentrations thus precedes the runoff peak. The interpretation of this is not straight 244 forward but most probably it has to do with the scarcity of observations and the use of an integrated Baltic Sea runoff dataset.
245
To further investigate the lack of inter-annual coherence between riverine phosphate loads and mixed layer phosphate, the 
Nutrients and nutrient limitation 259
We will here assess the coherence of nutrients with the phytoplankton concentrations. Furthermore, as described above, the 260 effect of nutrients on the primary production is controlled by the term NUTLIM, or degree of nutrient limitation, in Eq. (2).
261
We thus examine this term in and below the mixed layer. Even though there is no primary production in the deep water and 262 thus the nutrient limitation term has no effect here, a shift in the composition of nutrients in the deep water will affect also the (4) and (13).
265
Nitrogen has been shown to most often be limiting in the Baltic Proper, while phosphate is limiting in the northern basins
266
( Granéli et al., 1990; Tamminen and Andersen, 2007) . However, our model results, displayed in Fig. 8 , show phosphate limita-267 tion for both diatoms and flagellates for the earlier part of the run. After 1980, seasonality appears in the mixed layer. Phosphate 268 is still limiting during winter while nitrogen becomes limiting after the spring bloom.
269
The extent of anoxic bottoms in the Baltic Sea has increased markedly over the past century. By compilation of a large 270 amount of temperature, salinity and oxygen observations Carstensen et al. (2014) found a 10-fold increase in the hypoxic area 271 since the beginning of the 20th century. They explained this to be primarily due to increased nutrient loads from land causing 272 increased deep water respiration but also due to increased temperatures resulting in reduced oxygen solubility.
273
In order to understand the limitation patterns found in our model run, we view the evolution of different nutrient concen-
274
trations. Figure 9 shows the anoxic volume together with the below mixed layer nutrient concentrations. In conjunction with 275 the increased anoxic volume we find a clear increase in ammonium concentration. This is due to a decrease in nitrification 276 and is seen also as a decrease in the nitrate concentration. Furthermore, expanding anoxic bottoms increase the boundary area 277 between anoxic and oxic water where denitrification occurs resulting in a further loss of nitrate.
278
Figure 9 also shows that the phosphate concentration increases from the mid 20th century through the rest of the model run.
279
This is a combined effect of increased riverine loads and enhanced sedimentary release due to anoxia.
280
The mixed layer displays corresponding patterns of increased phosphate and decreased nitrogen ( 
286
The sum of the effects on the nutrient concentrations shows up in the nutrient limitation expressions (Eqs. (5)- (8)).
287
The evolution of NUTLIM in the surface layer and the deep water for the three phytoplankton is shown in Fig. 11 . There is 288 a clear increase over the 20th century and a shift towards less limited conditions. limited part of the run (see Fig. 8 ). During the later part of the run the nutrient and phytoplankton concentrations are so high that smaller inter-annual variations have little effect.
300
Since nitrogen limitation only occurs after 1980 and after the spring bloom and thus only affects the much smaller diatom 301 and flagellate autumn blooms no coherence between phytoplankton and nitrogen is visable in Fig. 13 .
302
To further illustrate the shift from the more nutrient limited regime of the first part of the run we calculate the wavelet 303 coherence between NUTLIM for the different phytoplankton and the result is displayed in Fig. 14 . Again, diatoms show strong 304 coherence during the first, more nutrient limited part of the run.
305
In Fig. 15 we calculate the wavelet coherence between below mixed layer NUTLIM and the three types of phytoplankton.
306
Again, the coherence spectrum shows the most inter-annual coherence for the more nutrient limited diatoms. However, the 307 phase arrows display some interesting features. After 1980 the phase arrows within the annual coherence period change direc-308 tion. This occurs both for diatoms where they shift from downward, indicating that the annual NUTLIM periodicity precedes 309 the annual diatom periodicity by 90 degrees, i.e. 3 months, to upwards, instead indicating that the diatoms precedes NUTLIM.
310
A similar pattern is visable also in flagellates.
311
To investigate the reasons for this, we have plotted the month of maximum NUTLIM in Fig. 16 Figure 17 shows the timing of the maximum chlorophyll concentration for the different phytoplanktons as well as their sum.
316
Flagellates displays a weak shift towards May after 1960 but no other shifts are visable in the individual phytoplankton types.
317
However, the total chlorphyll concentration (Diatoms + Flagellates + Cyanobacteria) displays a few years at the very end of the 318 run where the chlorophyll maximum corresponds to the maximum for cyanobacteria. From satellite data, Kahru et al. (2016) 319 found a similar shift in chorophyll maximum from the spring bloom in May to the cyanobacteria bloom in July. 
Temperature and irradiance
321
The mixed layer temperature has increased over the 20th century. Figure 18 shows the 2-yr moving average of mixed layer 322 temperature. To scrutinize the effect of temperature on the concentration of phytoplankton, the wavelet coherence between 323 temperature and phytoplankton have been plotted in Fig. 19 . The results suggest that the temperature increase after 1990 might 324 have had an effect on cyanobacteria and flagellates. It is also noticable that the temperature increase observed between 1900 325 and 1940 probably had an effect on cyanobacteria. This is also in agreement with the model formulation where cyanobacteria 326 are the most sensitive to temperature followed by flagellates.
327
Light impacts primary production through the term LTLIM in Eq. (2). However, irradiance display very little variation on 328 any other periodicity than the annual as can be observed in a wavelet power spectrum (not shown). Therefore there exists 329 almost no coherence between phytoplankton and irradiance apart from the annual and semiannual. 
Mixed layer depth
331
The lower panel of Fig. 18 shows the two year moving average of mixed layer depth averaged over the basin. We calculate the 332 coherence between mixed layer depth and diatoms, flagellates and cyanobacteria in Fig. 20 .
333
Apart from the annual cycle there is a strong coherence between mixed layer depth and diatoms, and to some extent flagel-334 lates, on shorter periodicities as well. That is, the concentration of diatoms residing in the mixed layer seems to covary quite 335 well on periodicities equal to or shorter than one year. The model value for diatom sinking rate is five times higher than that for 336 flagellates while cyanobacteria is assumed to have no sinking rate. In a shallow mixed layer the diatom concentration decreases 337 faster than in a deep mixed layer because of the large sinking rate. In the wavelet coherence spectrum we thus see in-phase 338 short term coherence.
339
Summary and conclusions
340
With a main focus on inter-annual variations, the coherence of the mixed layer concentrations of phytoplankton with key 341 variables affecting the primary production has been examined for the Baltic Proper. flagellate autumn bloom displays no inter-annual coherence with DIN most likely due to the high NUTLIM levels.
342
Riverine input of nutrients is an extremely important variable in the Baltic
365
The shift in nutrient limitation patterns is also visable in a slight forward shift in the month of maximum mixed layer
366
NUTLIM for diatoms after 1980, although a similar shift cannot be seen for flagellates. Below the mixed layer, maximum 367 NUTLIM shifts significantly towards late summer for both diatoms and flagellates. Furthermore, the annual maximum of total 368 chlorophyll concentration (Diatoms + Flagellates + Cyanobacteria) displayed a few years at the end of the run where the 369 maximum corresponded to the autumn bloom due to the large increase in cyanobacteria. This is in agreement with Kahru et al.
370
(2016) who found from satellite data that the annual chlorophyll maximum has shifted from the spring bloom maximum in
371
May to the cyanobacteria bloom in July.
372
The mixed layer temperature in the Baltic Proper has increased during the 20th century. We found some response of this 373 mainly from the most temperature sensitive phytoplankton group cyanobacteria during periods of large interannual temperature 374 increases. Flagellates, being more temperature sensitive than diatoms, seems to display a coherence with the temperature 375 increase occuring after 1980.
376
Variations in mixed layer depth affects mainly diatoms as these have a high sinking speed. In-phase coherence on periodic-377 ities shorter than one year indicates that large seasonal changes in the mixed layer depth significantly affects the mixed layer 378 concentrations while smaller interannual variations are of little consequence.
379
Finally, the effect of irradiance on primary production was scrutinized. However, interannual irradiance variations have very 380 little effect on the primary production.
381
In conclusion, interannual variations have affected the primary production mostly through the limiting nutrient phosphate 
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